Abstract
Introduction
significant staple food source that is consumed fresh, dried, or smoked, and are frequently 48 rendered into oil (Betts, 1994) . Historically, eulachon oil was the most important trade item on a 49 network of 'grease trails' between coastal and interior peoples, and it is still used and traded 50 (Betts, 1994; Moody & Pitcher, 2010) . Eulachon spawn just prior to the breeding season of many 51 consumers, including marine mammals, thus providing a high-energy prey resource at an 52 energetically demanding time (Sigler, Womble, & Vollenweider, 2004) . The eulachon spawning 53 aggregation draws enormous congregations of seabirds, bald eagles (Haliaeetus leucocephalus), 54
Steller sea lions (Eumetopias jubatus), harbor seals (Phoca vitulina), and humpback whales 55 (Megaptera novaeangliae) among many other smaller predators and scavengers. 56
The majority of eulachon populations have been declining since the 1990s (Hay & 57 Mccarter, 2000) . In 2010, the National Marine Fisheries Service (NMFS) listed the southern 58 distinct population segment in Washington, Oregon, and California as Threatened under the 59 Endangered Species Act (NOAA, 2010). Because there is no commercial eulachon fishery in 60 northern Southeast Alaska, there is no harvest regulation or management, agency oversight, or 61 monitoring of population trends. While some eulachon population declines have been well 62 documented (Hay & Mccarter, 2000) , most populations of eulachon are either unknown or 63 anecdotal. In southeast Alaska, eulachon remain a key resource for indigenous people and 64 wildlife, but little is known about their physiology or spatiotemporal dynamics (Betts, 1994 ; 65
Olds, 2016). 66
A lack of eulachon population information and the cultural and subsistence value of the 67 species led to the development of an indigenous-led eulachon monitoring program in northern 68 Southeast Alaska. In 2010 the Chilkoot Indian Association and the Takshanuk Watershed 69
Council initiated a modified Lincoln-Petersen (Lincoln, 1930; Petersen, 1896) 
Methods

101
Study System 102
The Chilkoot River near Haines, Alaska has long been a culturally and ecologically 103 important river. The lower Chilkoot River flows 1.5 km from Chilkoot Lake to the ocean at the 104 terminus of a large fjord. The Chilkoot Tlingit village and fishcamp was historically located 105 along the banks of the Chilkoot River, which is still utilized for eulachon fishing and processing 106 today (Betts, 1994; Olds, 2016) . Eulachon typically spawn in the lower reaches of the Chilkoot 107
River (Hay & Mccarter, 2000) where mostly indigenous harvesters capture large quantities for 108 smoking, frying, and rendering into oil in pits. The Endangered Species Act listing of eulachon led to concern by Chilkoot Indian Association 117 tribal members that a decline in northern Southeast Alaska, where a strong subsistence fishery 118 remained, would go undocumented, and thus un-remediated, without quantification of the current 119 run size (Olds, 2016) . 120
Mark-Recapture 121
At the mouth of the Chilkoot River, eulachon were captured using a modified fyke net 122 trap and dip nets. The initial captured eulachon (M group) were transferred in small groups to 123 plastic dishpans where they could be easily handled to clip off the adipose fin using retina 124 scissors and returned to the river. To avoid excessive increases in temperature and to reduce the 125 possibility of disease transmission, the water in the dishpans was changed between each group. 126
To allow time for the marked fish to mix with the unmarked fish, the recapture group was 127 captured approximately 0.75 km upstream of the trap location (C and R group) (Fig 1) . Eulachon 128 in the second capture group were collected by field crews wading through the river with dip nets 129 making sure to sample all portions of the river and with the help of subsistence harvesters. The 
Environmental DNA 139
We collected daily water samples for eulachon eDNA quantification at the mark-140 recapture trap location near the mouth of the Chilkoot River ( The samples were taken during low tide to avoid either DNA intrusion from the estuary and/or 142 dilution with an influx of tidal flow. Three 1 L water samples were collected in sterile Whirl Pak 143 bags starting in early to mid-April and continuing for at least one week beyond the end of the 144 mark-recapture study duration. Each sample was filtered through a 0.45 micron cellulose nitrate 145 filter using either a peristaltic pump or vacuum pump. Filters were stored in 100% ethanol in 2 146 mL cryovials. Filters were removed from ethanol and air-dried overnight in sterile, disposable 147 weight boats in a hepafiltered and UV-irradiated cabinet within a PCR-free laboratory to avoid 148 contamination. DNA was then extracted using the Qiagen DNeasy Blood and Tissue kit modified 149 to include a >48 hour soak in lysis buffer, which was found to produce higher and more 150 consistent yields. DNA was eluted in a total volume of 100 µl. 151
DNA Quantification 152
We developed a species-specific quantitative PCR assay for eulachon targeting a 187-bp 153 ddPCR Supermix for probes (no dUTP), 900 nM of both forward and reverse primers, 250 nM 163 internal probe and 4 µl of DNA extract. Droplets were generated using the QX200 AutoDG 164 system, which adds the ddPCR reaction mixture to the droplet oil. 40 µl is then dispensed into a 165 new 96-well plate. Cycling consisted of 95 °C for 10 mins, followed by 45 cycles of 94 °C for 30 166 secs, and 60 °C for 1 min, ending with 96 °C for 10 mins, allowing for a ramp rate of 2 °C/sec 167 between steps. After the reaction, the droplets were read on a Droplet Reader and analyzed with 168 QuantaSoft Analysis Pro software (version 1.0.596). 169
The concentration of eDNA is sensitive to both the amount of eDNA shed into the river 170 . We refer to this as an eDNA rate because the volume units cancel, leading to a result 173 proportional to DNA copies/second (Levi et al. 2019 ). Stream flow measurements were taken 174 each day that an eDNA sample was collected immediately following the collection of the eDNA 175 sample. To measure streamflow, we used a rating curve developed by the Alaska Department of 176
Fish and Game for the Chilkoot River. To validate this rating curve, a stream flow measurement 177 was taken at the beginning of each field season on the Chilkoot following the USGS velocity-178 area method using a type AA current meter (Turnipseed & Sauer, 2010) . Following the initial 179 calibration of the rating curve, the daily river height was measured off of an established 180 benchmark using surveying equipment, which was then transformed into a river discharge based 181 on the rating curve. 182
Analysis 183
We evaluated the flow-corrected eDNA rate as an index of eulachon abundance based on 184 two metrics. First, we use the maximum eDNA rate (i.e. size of peak). Second, we used area 185 The product of streamflow and eDNA concentration, which we refer to as 'flow-corrected eDNA 210 rate' (Fig. 3 , see also Levi et al. 2019 ), was highly predictive of the eulachon population estimate 211 generated through the mark-recapture method. The natural log of the eDNA peak was 212 significantly related to, and explained 97.4% of the deviance in, the mark-recapture population 213 estimate (β=0.399, p = 0.002), despite a multimodal eulachon run in 2016 that contained three 214 distinct peaks. The area under the curve eDNA metric explained 93.4% of the deviance in the 215 mark-recapture population estimate (β=0.391, p = 0.008) (Fig. 4) . The peak eDNA concentration 216 without flow correction explained only 41.9% of the deviance in, and was not significantly 217 correlated with, the mark-recapture population estimate (β=0.815, p = 0.36), but the area under 218 the curve even without flow correction still explained 92.1% of the deviance in the mark-219 recapture population estimate (β=0.830, p = 0.016) (Fig. 4) . The quasipoisson regression models 220 using either the peak or area under the curve of the flow-corrected eDNA rate as a single 221 predictor produced highly representative predictions of mark-recapture population estimates 222 (Fig. 5) . 223 such as eulachon, are a promising management application for eDNA methods. This is true even 231 if eDNA provide less accurate or precise results than do traditional methods, because lower 232 quality data from more streams could result in more robust management decision-making than 233 higher quality data from just a few streams, particularly for a fish that exhibits low site fidelity. 234
In addition, for many taxa, knowing whether a species is rare or common, and increasing or 235 declining, is more important than precisely enumerating abundance. However, our results 236 suggest that this tradeoff is largely moot; flow-corrected eDNA rate was highly predictive of the 237 eulachon mark-recapture population estimates at a small fraction of the cost. 238
Unlike the mark-recapture method, which produced a single population estimate for the 239 eulachon run, the eulachon eDNA rate captured within-run phenology as eulachon abundance 240 varied in the Chilkoot River above the sampling location. eDNA was very effective at 241 quantifying run timing and was particularly effective at demonstrating that the 2016 eulachon 242 run was multimodal with three distinct pulses of eulachon that were separated by 4-5 days of 243 inactivity (Fig. 3) . The third pulse in 2016 was not represented in the mark-recapture estimate 244 because field personnel had assumed that the run had terminated, but it was captured in the 245 eDNA sampling continued due to the minimal labor required for eDNA sampling. An additional benefit of eDNA methods is that mark-recapture estimation is not 264 logistically feasible on all rivers. The Chilkoot poses a unique set of characteristics -single 265 channel, road accessible, and with a relatively distinct upper limit to spawning activity. Many 266 rivers in Southeast Alaska where eulachon spawn are glacially-fed, with wide, braided river 267 mouths that are in remote, road-less areas. A mark-recapture method at these locations would be 268 logistically challenging, in large part due to a large field-crew requirement. The appeal of eDNA 269 is the ability to simply take a water sample to derive an index of abundance, which can be done 270 by a small crew in only a few hours at most. The use of eDNA allows population data to be 271 gathered on rivers that otherwise would not be possible, which is vital in monitoring a population 272 that exhibits a regional genetic population structure where a decline in spawning biomass in any 273 one river system might not necessarily represent a decline in the regional eulachon population 274 (Flannery et al., 2013) . The use of affordable and logistically feasible eDNA methods could 275 facilitate regional studies of eulachon population size, run timing, and synchrony among rivers, 276 which would allow for inference on regional population trends, environmental drivers of 277 population dynamics, and environmental drivers of spawning river selection (Bryant, 2009) . 278
In addition to the affordability of eDNA, it may in fact present a more accurate estimate 279 of eulachon abundance than mark-recapture population estimation. While eDNA concentration is 280 a direct measurement, mark-recapture population estimates are derived from a statistical 281 estimator and often leads to very wide confidence intervals. In years with low returns, the mark-282 recapture method might not reach the sample-size threshold for precisely determining a 283 population estimate. For example, the poor eulachon return during 2015 resulted in wide 284 confidence intervals around the population estimate (95% CI: 8,074 to 631,098). In contrast, the 285 eDNA signal represents a direct measurement of eulachon mitochondria in the water rather than 286 a statistical sampling process and is thus invariant to sample size. Further, the demographic-287 closure assumptions of mark-recapture estimators are difficult to meet with an anadromous fish 288 that quickly enters and leaves the river (Pollock, 2018) . The Chilkoot River mark-recapture study 289 lasts for the duration of the run (typically 4-8 days), beginning on the first day that fish are 290 observed in the river (typically late April) and ending once recapture sampling has exhausted all 291 new fish into the system (i.e. when recaptures are identifying double-marked fish). During this 292 time, new fish immigrate into the river while subsistence fishing activities actively remove fish, 293 thus violating closure. However, population estimates can be robust to moderate violations of 294 closure (Kendall, 1999) . In this study, the closed-population assumption is thought to be 295 reasonably met because (1) initial marking efforts remained relatively constant and continued 296 until no new fish appear to be entering the system (i.e. approximately all individuals were 297 potentially subject to marking), (2) there was an equal probability of capture of marked and 298 unmarked fish by subsistence harvesters, and (3) we secured participation of subsistence 299 harvesters to search their catch for marked fish. 300
We have demonstrated that eDNA provides reliable quantification of anadromous 301 eulachon abundance. eDNA is thus a promising tool that can be mobilized by indigenous people 302 to affordably monitor noncommercial species that are neglected by agencies but are culturally 303 and/or economically important to native people. However, substantial uncertainty persists. In 304 particular, it is unknown whether our model predicting eulachon run size with flow-corrected 305 eDNA will be transferable to other rivers. This is unlikely to be the case when rivers have 306 different morphologies, such as braided floodplains with pockets of eulachon spawning 307 throughout. In such circumstances, a within-river index of abundance might be achieved by 308 monitoring several braids where eulachon congregate, or perhaps even the estuary where mixing 309 of water might homogenize the sample. Once sampling specifications for rivers of various 310 morphologies are determined, the final step toward large-scale implementation is regional 311 cooperation among Alaska natives, First Nations in British Columbia, and tribal governments in 312 
